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ABSTRACT
Carbon dioxide, an abundant waste gas, can be electrochemically reduced with the aid of
a catalyst. By modifying a conductive surface, such as copper, with a tailored catalytic complex,
the surface simultaneously functions as a working electrode for this electrocatalytic reduction
and theoretically facilitates selective reduction to multi-carbon species. The necessary
modification requires a bifunctional ligand, capable of both transition metal catalyst coordination
and surface tethering; such molecules have been synthesized via multiple routes from the same
precursor bipyridine molecule. Commercially available 4,4'-dimethyl-2,2'-bipyridine can be
alkylated using a dibrominated alkane substrate, functionalizing the molecule for subsequent
synthetic modification. Optimization of chain length has been pursued; both 4,4'-di(10bromodecyl)-2,2'-bipyridine and 4,4'-di(6-bromohexyl)-2,2'-bipyridine have been isolated and
employed in further syntheses. Alternatively, the methyl substituents of the same bipyridine
starting material may be radically brominated, allowing for a more direct functionalization.
Following installation of a phosphonate at the previously brominated terminus, the bipyridine
derivative is then able to be converted to a phosphonic acid, which permits robust covalent
binding to a copper oxide surface. These routes allow for the construction of the modified
electrodes necessary to reduce carbon dioxide to synthetically useful species. Synthesis and
characterization of isolated bipyridine-containing precursors and modified conductive surfaces
are presented in an attempt to develop a consistent route to effective, efficient electrodes.
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INTRODUCTION

Reduction of Carbon Dioxide
The noted recent increase in the concentration of carbon dioxide in the atmosphere has
incited interest in converting the abundant waste gas to an alternate fuel source.1 As a carboncontaining species, processing CO2 via electrochemical reduction could yield synthetically useful
materials2,3 and potentially even multi-carbon liquid fuels.4,5 However, a single-electron
reduction for the highly stable linear CO2 molecule is thermodynamically unfavorable, requiring
a large overpotential (formal standard potential E° = -2.16 V versus standard calomel electrode,
maximum 0.6 V overpotential) to surmount the high activation energy of geometrical
rearrangement.1 Reduction to carbon monoxide,2, 6-15 carbonate,1,8,13,16-20 and formate3,9 have all
been shown to be successful. However, multiple-electron transfer (MET), potentially in the form
of synchronized proton-coupled multi-electron transfer,13 aids in reduction to more synthetically
valuable products such as methane,21 methanol,21 or the two-carbon species oxalate.18,19 Efforts
to design catalysts for the reduction of carbon dioxide, which serve to stabilize the intermediates
of the reduction process and thus effectively diminish the magnitude of the necessary
overpotential, have focused on transition metal complexes. Such compounds are desirable as
they are both able to facilitate MET as inner sphere electron transfer agents and can be
synthetically modified to contain ligands that alter redox performance.13
Transition metal complexes that have been studied as homogeneous catalysts for the
reduction of carbon dioxide contain nickel,8,10,18,19 iridium,16,22 rhenium,7,11,13,15 manganese,15
and ruthenium.9,23-25 When used in conjunction with an acceptable π-acceptor ligand, these
metal centers can back-bond, shortening and effectively strengthening the bond from the ligand
to the metal; for an electrocatalytic process, a shorter bond length and the capacity to back-bond
1

both aid in electron transfer. Ruthenium, as a strong back-bonding metal center,26 has proven
useful in catalytic studies on the reduction of carbon dioxide and was selected for this study.1,27,28
In addition to acting as π-acceptor ligands for the bond to the transition metal, multiple classes of
conjugated ligands have been attached to these metal centers in an effort to aid in the
stabilization of transferred electrons through delocalization in their π-system.7,29, 30 The
prominent classes of ligands used in electrocatalysis for carbon dioxide reduction are
tetraazamacrocycles,31 phthalocyanines,32 porphyrins,33 phosphines,17 and polypyridines.12,34,35
Bipyridine, a bidentate ligand consisting of two heterocyclic aromatic rings (shown in Figure 1),
was selected as the model for use with a ruthenium catalyst.

Figure 1. Bipyridine molecule, with all potential substituent positions numbered.

The polycyclic aromatic ligand can be synthetically substituted in multiple positions in order to
tailor performance. Steric bulk at the 4,4' positions of the ligand has been conclusively identified
to aid in a positive potential shift for electrochemical applications.7,15,36
Previous research has shown that the products of electrochemical reduction of carbon
dioxide vary depending on the reduction conditions, namely upon the proticity of the solvent in
which the process occurs and the local concentration of available reactive species.12,18,37
Following the single electron reduction to the radical anion CO2∙ -, the terminal reduction
2

products (potentially requiring additional electrons) in a protic solvent are methanol3 or formate
(Figure 2A).9,23 Alternatively, in an aprotic solvent, carbonate,17,37 carbon monoxide,1, 6-16 or
oxalate18,19 are formed. The disproportionation reaction leading to carbon monoxide and
carbonate formation is the result of interaction of CO2∙ - with excess, unreduced carbon dioxide
(Figure 2B).12 Conversely, oxalate is produced by the dimerization of two radical anions (Figure
2C), rendering the dimerization reaction a two-electron process.18,19 This reaction is kinetically
favorable, but less likely to occur due to the overwhelming presence of unreduced carbon
dioxide. To promote formation of oxalate over carbonate, the concentration of available radical
anions must be controlled. As the polyatomic ion contains a new carbon-carbon bond, oxalate is
potentially a more useful product of carbon dioxide reduction16 and is the intended goal of this
project's ruthenium-bipyridine based system. All potential pathways, in both classes of solvents,
are visible in Figure 2.

Figure 2. Possible reduction pathways for a carbon dioxide to formate, A, carbonate, B, and oxalate, C.
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Surface-Based Catalysis
In this research, increasing the local concentration of radical anions is accomplished by
tethering the active electrocatalyst to a reactive surface. Surface-bound complexes exert a greater
amount of control over the microenvironment of the redox process.3 At the interface of surface
and solution, there is theoretically a larger population of the desired reduced species, due to the
presence of the bound catalyst. The radical anions are thus more likely to interact with each other
than unreduced carbon dioxide in solution. Irreversibly attaching a catalytic complex to a
conductive surface also allows for the formation of a reusable working electrode, capable of
supporting the catalyst yet easily removed from solution. Recoverability of expensive transition
metals is a significant factor in evaluation of system efficiency and economic feasibility.
Furthermore, studies have shown that a metal surface comprehensively covered with a catalyst
performs comparably to use of the same catalyst in homogeneous solution for electrochemical
applications.3,9 The formation of a uniform electrocatalytic monolayer creates an extensive
network of redox-active species,38 which allows for efficient interfacial electron transport.39
To facilitate electron transfer, the catalytic complex must be attached to a surface capable
of conducting electrons. A metal oxide, such as highly conductive copper oxide,10,40 provides an
appropriate surface that becomes a working electrode when a potential difference is applied.
Following attachment of the catalyst, electrocatalysis occurs at the surface/solution interface by
the modified electrode. This modification of a metal oxide is possible through the formation of
bonds to the surface-bound oxygen-based functional groups in the oxide layer.29,38,42,43 Copper
oxide is covered in both surface hydroxyl and µ-oxo groups, present in approximately 13 and
87%, respectively.44 The -OH groups of phosphonic acids, shown in Figure 3, are able to form
covalent bonds with oxygens present in both of these surface-bound functional groups; a
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proposed mechanism for this process is shown in Figure 4.38 After attachment of a phosphonic
acid, the resultant phosphonate bond to the surface is resistant to mechanical stress, hydrolysis,
and oxidation,38,45 rendering the modified surface robust to repeated use and reliable under
necessary reaction conditions. Additionally, complete surface coverage inhibits further
environmental oxidation of the copper.41

Figure 3. Phosphonic acid, containing a pentavalent phosphorus, two -OH groups, and a double bonded oxygen.

Figure 4. Mechanism for formation of surface based-phosphonates.

In order to modify the metal oxide surface and initiate the phosphonic acid bonding
process, a tethering by aggregation and growth (T-BAG) deposition method is employed.
Originally developed for the intended formation of self-assembled monolayers (SAMs), the
phosphonic acid is introduced via suspension of the surface in solution.46 Careful control over
5

concentration in solution avoids the aggregation of the amphipathic acids into micelles, which
would otherwise resist surface association.47 Hydrogen bonding of the phosphonic acid -OH
moieties to the surface-bound oxygen-based functional groups allows the compound to be
chemisorbed as the solvent evaporates. Slow evaporation of a solvent in which the acid is only
partially soluble leaves a uniform layer on the surface (Figure 5).38

Figure 5. T-BAG deposition technique.

Following proton transfer to the surface hydroxyls, exposure to heat facilitates dehydration and
the formation of a new bond between the positively charged metal of the surface and the
oxyanion. The same process is observed following the protonation of the µ-oxo groups, which
open to create additional surface hydroxyls. The process can be repeated with another
phosphonic acid moiety and the new surface hydroxyl, allowing for comprehensive surface
coverage. 3,38 Any unattached phosphonic acid is removed by simply washing the surface in a
solvent that the acid is soluble in, such as methanol.5,39 Uniform SAMs of phosphonic acid, once
converted to covalent phosphonate linkages, have been shown to participate in efficient electron
transfer at the electrode surface.4
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Scope of Research
The intended modified electrode for the catalytic reduction of carbon dioxide, shown in
Figure 6, includes a ruthenium metal center coordinated by a bidentate, bifunctional bipyridine
ligand that also attached permanently to the metal oxide surface through phosphonate linkages.

Figure 6. Example modified electrode, where a bipyridine derivative coordinates a ruthenium center and binds to
the metal oxide surface through a phosphonate bond.

Multiple routes are available for the synthesis of a bipyridine-based phosphonic acid. Those
selected for this project include haloalkylation and radical bromination to functionalize
commercially available 4,4’-dimethyl-2,2’-bipyridine, followed by installation of a phosphonate
ester and deprotection to yield a terminal phosphonic acid.

Synthetic Routes: Haloalkylation
The addition of an alkyl chain to 4,4'-dimethyl-2,2'-bipyridine is facilitated by the use of
an extremely strong organic base, lithium diisopropylamide (LDA). Two equivalents of base
deprotonate each of the methyl substituents, creating highly reactive carbanions at the alkyl
termini. Subsequent introduction of an alkyl chain doubly functionalized by primary halogens
yields a product that can then be converted to the intended phosphonic acid.39,48,49 The first
halogen acts as a leaving group, whose loss renders the chain suitable for nucleophilic attack by
the carbanion. The second terminal halogen remains to functionalize the product in further
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syntheses, such as installing the phosphono- group. This process, depicted below in Scheme 1, is
able to be replicated with various alkyl chains: terminally dibrominated long and short chains, as
well as a bromophosphonate.

Scheme 1: A general mechanism for the alkylation of the bipyridine starting material, following deprotonation by
LDA. n = 3, 7, or 0; R = Br, P(=O)(OEt)2.

The use of a shorter chain, 1,5-dibromopentane, prevents the dibrominated alkane from
attaching to the same bipyridine molecule twice, forming a tricyclic system which is theoretically
possible with the lengthier 1,9-dibromononane. A shorter alkyl chain should also promote more
efficient electron transfer when implemented in an electrocatalytic system. Use of diethyl-2
bromoethylphosphonate as a starting material further reduces the length of the alkyl chain and
pre-installs the phosphonate, eliminating one of the subsequent synthetic steps required to
produce the eventual phosphonic acid target compound from the brominated chains.
Ideally, both substituents of the bipyridine are alkylated, permitting eventual conversion
to two phosphonic acid termini and thus two points of attachment to the metal oxide surface.
8

However, in the event of an incomplete reaction, there exists the possibility of monoalkylation.
In that case, isolation of the mono- versus dialkylated bipyridine species, as well as removal of
any completely unreacted starting material presents a significant issue, as chromatographic
resolution may be difficult due to minimal polarity differences between the desired product and
unfavorable byproducts.

Synthetic Routes: Radical Bromination
Alternatively, a reflux in the presence of a radical initiator (azobisisobutyronitrile, AIBN)
and a source of bromine (N-bromosuccinimide, NBS) radically brominates the methyl
substituents of the same dimethyl bipyridine starting material.43 The product not only has the
same terminal bromo-functionalization as the product from the reaction with LDA, but the
process also eliminates the use of accessory alkyl chains and extreme temperature conditions.
The facile synthesis is shown in Scheme 2.

9

Scheme 2: A general reaction pathway for the radical bromination of the bipyridine starting material. A possible
radical mechanism is also presented.

Direct bromination of the methyl substituents is less likely to produce undesired byproducts,
rendering this route more favorable in terms of purification.

Installation of Phosphonate
A Michaelis-Arbuzov rearrangement is employed to install a phosphonate on either of the
bromo-terminated bipyridine species.47,50 With the removal of the bromo- group, the lone pair of
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the central phosphorus of triethyl phosphite attaches to the carbon chain. One of the ethyl chains
is removed by cleavage of the carbon-oxygen bond by the free bromide in solution, allowing a
double bond to form between the resultant oxyanion and the central phosphorus. Scheme 3
presents this mechanism with the product of the radical bromination reaction.

Scheme 3. Michaelis-Arbuzov rearrangement installs phosphonate functionality
R = CH3 or CH2Br, R' = CH3 or CH2P(OEt)3, R'' = CH3 or CH2P(=O)(OEt)2.

Use of excess triethylphosphite at reflux for 5 hours attaches two phosphonate tailgroups (R'') for
eventual conversion to phosphonic acids, assuming both substituents have bromo- groups.

Deprotection of Phosphonate Ester
Removal of the ethyl ester groups with the appropriate reagents converts the termini to
phosphonic acids. Trimethylsilylbromide is used as a replacement protecting group, ejecting the
terminal ethyl chains and replacing them with OTMS groups. Stirring in methanol and, if
necessary, acidification to protonate the phosphonic acid -OH groups yields the target
phosphonic acid,51 as seen in Scheme 4.
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Scheme 4. Deprotection and isolation of target phosphonic acid using trimethylsilylbromide (TMSBr).

Completion of Modified Electrode
Following synthesis of a phosphonic acid capable of coordinating a transition metal
catalyst, the compound is attached to the copper oxide surface via the T-BAG method. After the
requisite heating and cleaning steps, the ruthenium complex is coordinated during a surfacebased reaction.52 The ruthenium dimer, [Ru(bpy)(CO)2Cl2]2 is introduced in a refluxing solution
of dichloroethane to yield the desired surface-bound complex.53

Scheme 5. Surface modification and coordination of transition metal complex catalyst.

These fully modified electrodes will be characterized and their ability to reduce carbon
dioxide will be evaluated by potentiostatic electrolysis.
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EXPERIMENTAL

Reagents were used as received, see appendix for all suppliers. When necessary,
anhydrous dichloromethane, tetrahydrofuran, and acetonitrile were dispensed from an MBraun
Solvent Purification System. All synthetic products were characterized using a Bruker 300 MHz
or a Varian 60 MHz NMR spectrometer in deuterated solvents with TMS as an internal
reference. Surface characterization was conducted via Infrared (IR) spectroscopy with a PerkinElmer Spectrum RXI Fourier Transform Spectrometer with a surface reflectance attachment. Gas
Chromatography Mass Spectrometry was performed with a Shimadzu GCMS-QP5050A Gas
Chromatograph Mass Spectrometer.
All cyclovoltammetric tests were performed using a CH Instruments Electrochemical
Analyzer to apply a potential difference at varying sweep rates and ranges of voltages.
Tetrabutylammonium perchlorate (TBAP) was used as a supporting electrolyte in acetonitrile
with Ag+/AgCl reference and platinum counter electrodes. Previously prepared copper surfaces
were tested in a variety of unquantifiable concentrations of supporting electrolyte due to limited
salt solubility.
All modified surfaces were completed as sets, each composed of seven approximately 1
cm x 1 cm x 1 mm plates. Prior to any chemical modification, the copper plates were etched with
identifying series names and numbers and sonicated for 30 minutes in hexanes, 15 minutes in
dichloromethane, and 3 rounds of 15 minutes each in dry methanol. After being dried in a 120 °C
oven, six of the seven (1 to 6) plates subjected to the T-BAG process. Upon completion,
reflection infrared spectra were collected of all plates in reference to their respective blanks
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(plate 7) after sonication in methanol and drying in an oven for 48 hours at 120 °C. Plates were
stored in desiccators whenever not in use to minimize exposure to atmospheric water vapor.
Synthesis of Hydroxyundecyl Phosphonic Acid (HUDPA)
Solid 11-bromoundecanol (5.03 g, 0.02 moles) was dissolved in 10 mL anhydrous
dichloromethane and (3.20 mL, 0.02 moles) triethylamine (TEA). A 2-fold stoichiometric excess
of acetyl chloride was delivered dropwise through a septum as the reaction was cooled on ice.
After two hours at 0 °C, the vessel was allowed to warm to room temperature and left stirring
overnight. The product, a yellow-brown suspension, was washed with a 5% sodium bicarbonate
solution (25 mL) and three subsequent 25 mL aliquots of deionized water. The organic layer was
dried over anhydrous sodium sulfate, yielding a clear, yellow-brown liquid (3.91 g, 13.3 mmol,
66.6% yield). After concentration by rotary evaporation, the 11-bromo-undecylacetate was
characterized by NMR spectroscopy.
A five hour reflux of 11-bromo-undecylacetate was performed with a 3-fold
stoichiometric excess of triethyl phosphite at 150 °C, without additional solvent. After cooling,
the excess unreacted P(OEt)3 was removed via Kugelrohr distillation at a temperature of 70 °C
under vacuum. Trimethylsilyl bromide (TMSBr) was added in a 4-fold stoichiometric excess
under nitrogen and stirred for 24 hours. Addition of methanol served to dissolve the white
precipitate that formed and to remove the TMS termini. The vessel contents were kept under
nitrogen and stirred for 72 hours. The clear solution was then acidified using 6 M HCl until
precipitate was no longer formed, followed by vacuum filtration over a coarse frit. The product
was a sticky, white solid, which was left to dry until a constant mass (3.05 g, 0.0123 moles,
61.5% yield) was obtained. Following characterization via NMR and IR spectroscopy, the acid
was used without further purification.
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Attachment to Copper Oxide Surface
A previously synthesized sample of the 11-hydroxy-1-undecylphosphonic acid was used
to coat two sets of copper surfaces, series BA and BB. After being dried in a 120 °C oven, six of
the seven (1 to 6) plates were suspended in a solution of phosphonic acid in 150 mL of dry
tetrahydrofuran (THF). For plates BA 1-6, 0.349 mmol (2.33 mM solution) of acid was used,
and for plates BB 1-6, the T-BAG was performed in 0.0329 mmol (0.219 mM solution) of acid.
The plates were left until full solvent evaporation occurred.
Reflection infrared spectra were collected of both sets of plates in reference to their
respective blanks (plate 7) after drying in an oven for 48 hours at 120 °C. The plates were then
sonicated in dry methanol for 15 minutes to remove any excess, unattached acid. Plates BB 1-6
were then dried with nitrogen. Reflection IR spectra were also collected after sonication. An
additional set of plates was created, BC, following the same general method using 0.035 mmol
(0.23 mM solution in anhydrous THF) of freshly synthesized HUDPA.

Synthesis of Bipyridine Compounds:
Haloalkylation via Lithium Diisopropylamide
After dissolving 4,4’-dimethyl-2,2’-bipyridine (1.50 g, 8.14 mmol) in dry
tetrahydrofuran, the clear solution was flushed with nitrogen, continually stirred, and cooled in a
bath of dry ice and acetone to approximately -78 °C. A solution of lithium diisopropylamide,
LDA (2 M in THF, 17 mL, 34 mmol), was added dropwise through a septum. Following the
addition of roughly 2 mL, the solution turned from white to dark brown, indicating that residual
water had fully reacted and the remaining volume (approximately 15 mL, 30 mmol) would be
reactive equivalences of LDA. The dry ice bath was maintained, and the solution was stirred for
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two hours, after which time 1,9-dibromononane (7 mL, 30 mmol, 2 equivalents) was introduced.
The reaction was kept cool for an additional two hours until a dense, brown-orange solution was
produced.
Quenching with absolute ethanol was performed three days later after re-cooling the
vessel in ice and acetone, still under nitrogen. The homogeneous red-orange solution was
extracted with 100 mL of a saturated NaHCO3 solution, yielding an insoluble rubber-like solid,
inconclusively investigated with a Pike MIRacle Attenuated Total Reflectance attachment for the
IR spectrometer.
The reaction was repeated using 2 equivalents of LDA, and quenching was performed
with 95% EtOH prior to allowing the solution to warm to room temperature. After a full workup
including a wash with saturated solution of sodium bicarbonate and three 30 mL portions of
dichloromethane, the organic layers were combined and dried over anhydrous Na2SO4. This
produced a yellow-orange liquid, and evaporation of excess solvent under reduced pressure
yielded a red-orange oil, with some visible crystalline solid. This modified procedure was also
repeated in the same ratios using 1,5-dibromopentane or diethyl-2-bromoethyl phosphonate in
lieu of the 1,9-dibromononane.
NMR spectral analysis of the concentrated reaction mixtures revealed that the bipyridine
complex did not fully react, requiring purification to separate the potential combination of
singly-alkylated and completely unreacted 4,4’-dimethyl-2,2’-bipyridine from the preferred
dialkylated product. Thin Layer Chromatography (TLC) analysis on deactivated silica and basic
alumina plates was performed employing a range of solvent systems, including ethyl
acetate/hexanes and methanol/dichloromethane. Optimal results were achieved using a mixture
of 10:90 ethyl acetate:hexanes. Spots were visualized using UV light (254 nm) and fuming with
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iodine. Following visible separation between two spots (Rf = 0.638, 0.533) on glass-backed basic
alumina plates, the same solvent mixture of 10:90 ethyl acetate:hexanes was used for column
chromatography.
Crude 4,4’-di(10-bromodecyl)-2-2’-bipyridine (1.00 g) was dissolved in dichloromethane
and adsorbed to basic alumina (10g) via rotary evaporation of the solvent. A gravity column was
assembled, slurry packed with basic alumina (80-200 mesh, approximately 50g), and the sample
was dry loaded. Fractions were collected in 25 mL Erlenmeyer flasks at the maximum flow rate
for a total of 111 fractions over the course of three days. Despite UV active spots visible on
subsequently run TLC plates, NMR analysis of concentrated fractions yielded inconclusive
results.
Due to the lack of success in purification, crude 4,4’-di(10-bromodecyl)-2-2’-bipyridine
(1.60 g) was refluxed at 150 °C for 5 hours in a 10-fold stoichiometric excess (5 equivalents) of
triethylphosphite. Following reaction, excess triethylphosphite was removed via vacuum
distillation, yielding a viscous brown liquid and sticky brown solid. The residue was dissolved in
20 mL of dry dichloromethane and placed under nitrogen, to which TMSBr was added dropwise
in 8-fold stoichiometric excess. The mixture was left to stir after the incorporation of additional
dichloromethane for 24 hours, after which an 8-fold stoichiometric excess of methanol was
introduced. The mixture was acidified using 6 M HCl, during which a solid white product was
visibly formed. However, after a greater volume of acid had been added, the solid re-entered
solution. Rotary evaporation and forced precipitation by cooling the solution were both
attempted unsuccessfully.
Crude 4,4’-di(6-bromohexyl)-2-2’-bipyridine was also refluxed in triethylphosphite,
following the same procedure. This product has yet to be converted to a phosphonic acid.
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Radical Bromination
4,4'-dimethyl-2,2'-bipyridine was radically brominated via a reflux incorporating a radical
initiator and a source of bromine. The 4,4’-dimethyl-2-2’-bipyridine (1.23 g, 6.82 mmol), Nbromosuccinimide (2.47 g, 14.3 mmol), and azobis(isobutylronitrile) (0.06 g, 0.34 mmol) were
added to 50 mL of carbon tetrachloride, CCl4. The mixture was brought to reflux under nitrogen
with stirring. Reflux was maintained near 80 °C for 8 hours, yielding a clear, dark orange
solution and a brown solid. The solid was removed via gravity filtration and the solvent by rotary
evaporation. The product, an orange-yellow oil, turned pale green after cooling to room
temperature. After a few days, the unpurified 4,4’-dibromomethyl-2-2’-bipyridine product was
observed to be a red, glassine solid (2.44 g, 7.13 mmol, 105% yield). TLC of the crude solid on
silica in a mixture of 98:2 dichloromethane:acetone was highly inconsistent, revealing up to four
components when visualized under UV light, after fuming with iodine, or after treatment with
various stains. A microscale column was run, in which 0.01 g of crude product was dry loaded
over silica in a disposable glass Pasteur pipette and run using a solvent mixture of 10% acetone
in dichloromethane. A total of 35 fractions were collected.

Installation of Phosphonate
Due to uncertainty in the potential for quantitative product recovery, crude 4,4’dibromomethyl-2-2’-bipyridine (1.86 g, 5.44 mmol) was refluxed in a 20-fold stoichiometric
excess (10 equivalents) of triethylphosphite for 5 hours. The crude product was not dissolved
prior to heating and did not fully enter solution despite stirring. However, the bulk of the product
adhered to the glass of the flask and appeared to swell over the course of the reaction. After
completion, the solution was a dark red, and a large quantity of dark, brittle solid remained.
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This solid was reserved in a vial, while a portion of the liquid was concentrated via
Kugelrohr vacuum distillation. An NMR sample of the residue remaining in the flask was
prepared with deuterated chloroform and DMSO, neither of which appeared capable of fully
dissolving the solid, but created two immiscible layers. The two were separated and diluted as
separate NMR samples. Sonication of the less dense, solid-containing layer proved unsuccessful
in forcing the solid into solution.
Subsequent attempts to install the bromo- functionality to the dimethyl bipyridine via a
radical process proved more successful when performed in the dark: it has been proposed that
brominated aromatic derivatives are not photostable.54 Considering the observation of a red solid,
elemental bromine may have been trapped in a crystalline matrix after being photolyzed from the
dimethylbipyridine. The same 8 hour reflux, filtration, concentration, and subsequent MichaelisArbuzov rearrangement in excess triethylphosphite were all performed in the absence of light,
yielding a phosphonate ester suitable for conversion to a phosphonic acid, confirmed by GCMS
characterization.

Deprotection and Isolation of a Terminal Phosphonic Acid
Following the installation of the phosphonate, excess triethylphosphite was removed via
Kugelrohr distillation. The product was isolated as a dark brown semi-solid, and a portion was
diluted in HPLC grade acetone for GCMS analysis. The remaining semi-solid was dissolved in
anhydrous dichloromethane or acetonitrile under nitrogen, then cooled to 0 °C. Eight equivalents
of trimethylsilylbromide (TMSBr) were added dropwise, and the reaction mixture was left
stirring for 24 hours. Upon introduction of methanol (8 equivalents), immediate precipitation of a
light brown solid was visible. The solution was stirred an additional 24 hours under nitrogen, and
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an attempt was made via rotary evaporation to isolate the solid. Further purification was
attempted by both vacuum filtration over a medium frit and recrystallization in methanol and
absolute ethanol.
In later attempts, vacuum filtering the heterogeneous solution obtained after the addition
of methanol under an inert atmosphere permitted the isolation of a dry brown solid, which was
then stored under nitrogen. Alternatively, when the solid had coated the walls of the flask, the
excess solvent was decanted, and vacuum was pulled directly to achieve dryness.

Surface Modification
This isolated, dry 4,4'-di(methylenephosphonic acid)-2,2'-bipyridine was then dissolved
by mild heating and sonication into 150 mL of absolute ethanol (0.034 g, 0.10 mmol acid, 0.67
mM solution) for use as a T-BAG solution. Six clean plates (set BD) were suspended in
individual beakers of equal portions of acid solution inside a glove bag filled with nitrogen. The
solvent was allowed to evaporate, and the plates were heated at 130 °C for 48 hours to complete
the surface attachment. The modified surfaces were then sonicated for 20 minutes in methanol
and dried under a stream of nitrogen for anhydrous storage. Surface characterization was
performed by surface reflectance IR spectroscopy, using the unmodified plate as a reference.
Plates BD-1, 4, 5, and 6 revealed clear signals for the desired phosphonate and were
employed in the subsequent ruthenium coordination reaction. A stoichiometric mass of
ruthenium, in the form of [Ru(CO)3Cl2]2 was stirred to dissolve in 150 mL of 1,2-dichloroethane
(0.0514 mmol dimer, 0.103 mmol Ru, 0.687 mM solution). The four plates to be modified were
suspended below the solvent surface by copper clips through the secondary necks of a three neck
round-bottom flask. Reflux was maintained at 84 °C for 15 hours under nitrogen. After the

20

completion of the reflux, the clear colorless solution had turned yellow. The plates were removed
from the solution and dried under a stream of nitrogen prior to surface characterization via IR
spectroscopy. Additional spectra were collected after further drying in a vacuum chamber for
three hours.
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RESULTS AND DISCUSSION

Synthesis of HUDPA
Synthesis of the 11-hydroxy-1-undecylphosphonic acid from 11-bromo-1-undecylacetate
followed an established, easily replicated procedure. The 1H NMR spectrum of the acetylated
compound contains signals corresponding to protons alpha to the unremoved bromo-terminus at
δ = 3.41197 ppm and beta to the terminus at δ = 1.85424 ppm. The newly installed methyl
singlet appears at δ = 2.05115 ppm, as well as alpha and beta protons at δ = 4.05176 and 1.61734
ppm, respectively. The remaining aliphatic protons appear near δ = 1.3 ppm, and residual
dichloromethane is indicated at δ = 5.30738 ppm.55

1

Figure 7: H NMR spectrum of synthesized 11-bromoundecylacetate.
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With confirmation of the acetyl group installation, the deprotection reaction was performed.
Achieving dry products consistently proved difficult, as visible in the spectrum of the protected
intermediate, Figure 8, collected prior to the removal of the trimethylsilylbromine termini and
conversion to a phosphonic acid: the signals due to the target molecule are completely
overwhelmed by the solvent peak for dichloromethane at δ = 5.3180 ppm.55

1

Figure 8: H NMR spectrum of protected undecylphosphonate, prior to removal of TMS termini in CDCl 3.

In addition to solvent residues for chloroform (δ = 7.2832 ppm) and water (δ = 1.2664 ppm), a
range of signals from δ = 1.6507 to 2.0547 ppm indicate the protons along the alkyl chain and
TMS termini. Signals remaining at δ ≈ 3.4 ppm indicate the bromo group was also incompletely
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removed.47 Isolating the solid acid involved the introduction of methanol and precipitation via
acidification. Low resolution NMR data reveal few signals, largely those corresponding to the
alkyl chains just below δ = 2 ppm.

1

Figure 9: H NMR spectrum of HUDPA in CDCl3.

An IR spectrum of the dry, solid product was also collected via ATR IR spectroscopy, shown in
Figure 10. Methylene stretches appear at 2915.5 and 2848.2 cm-1, and the terminal hydroxyl
demonstrates a characteristic broad stretch at 3174.4 cm-1. Peaks corresponding to the
phosphonic acid are present at 1137.5 (P=O) and 2350.2 cm-1 (P-O-H), which could also indicate
atmospheric carbon dioxide.56
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Figure 10: IR spectrum of HUDPA.

Attachment to Copper Oxide Surface
Following subjection to a T-BAG deposition with the synthesized HUDPA, both sets of
plates, BA and BB, display evidence of a synthetic surface present. The visibly streaky nature of
plates BA 1-6 (Figure 11), which were submerged in a far more concentrated solution of
phosphonic acid than recommended, suggests the possible formation of micelles.
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Figure 11: Surfaces of plates BA-7 (above) and BA-1 (below) for comparison. BA-7 represents an unmodified
copper oxide, while BA-1 has undergone a concentrated phosphonic acid deposition and shows inconsistent
surface coverage.

A reflectance IR spectrum of plate BA-1 (Figure 12), collected after T-BAG and sonication to
remove unbound phosphonic acid has a phosphonate P=O peak 1090.38 cm-1. Also present are a
broad peak centered at 3429.84 cm-1, indicating the presence of the terminal hydroxyl group, and
central chain methylene stretches at 2850.65 and 2920.82 cm-1.56
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Figure 12: Overlaid reflectance IR spectrum of plate BA-1, measured in %Transmittance. The two spectra
correspond to the same copper oxide plate before (below) and after T-BAG deposition of HUDPA (above).

The spectra collected following sonication of the BB and BC sets were poorly resolved due to
high humidity. Prior to sonication, a spectrum taken of plate BB-1 shown in Figure 9 had a
strong peak at 955.95 cm-1, also likely due to the presence of bound phosphonate, as well as a
characteristic broad -OH stretch near 3200 cm-1 and alkane band near 3000 cm-1.56
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Figure 13: Reflectance IR spectrum of plate BB-1.

Synthesis of Bipyridine Compounds
In order to synthesize compounds able to simultaneously coordinate the ruthenium
catalyst and attach to the copper oxide surface, 4,4’-dimethyl-2,2’-bipyridine was either
alkylated following treatment with LDA or radically brominated to yield functionalized terminal
groups for eventual conversion to phosphonic acids.
Haloalkylations
The reaction of 4,4'-dimethyl-2,2'-bipyridine with a 4-fold stoichiometric excess of LDA
produced an insoluble rubber-like solid, likely a polymer. Considering the strength of LDA as an
organic base, linkage of multiple bipyridine units would be possible through the simultaneous
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attachment of the dibrominated substrate to two disparate deprotonated methyl substituents.
Quenching the reaction with ethanol after a limited period also appears important, ending the
possibility of additional side reactions. However, quenching too soon may leave some starting
material unreacted. In combination with the strictly stoichiometric equivalents of LDA used in
later reactions (2 equivalents, corresponding to the two methyl substituents), premature
quenching may also lead to the formation of singly alkylated bipyridine complexes. The NMR
spectrum of the crude 4,4'-di(10-bromodecyl)-2,2'-bipyridine, Figure 14, reveals a 3H singlet
around δ = 2.5 ppm, indicating the presence of unreacted methyl substituents.48
Aromatic signals at δ = 8.2246 ppm, 8.5321-8.5581 ppm, and δ ≈ 7.1740 ppm
correspond to the bipyridine ring structure, while peaks from δ = 3.3860-3.4315 ppm indicate the
presence of protons adjacent to a terminal bromine. Alkyl protons are indicated by a range of
peaks from δ =1.21-1.3114 ppm.48
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Figure 14: H NMR spectrum of crude 4,4'-di(10-bromodecyl)-2,2'-bipyridine in CDCl3.

Exchanging the substrate for a shorter chain, 1,5-dibromopentane, reduced the possibility of
intramolecular addition but does not reduce the likelihood of single alkylation. The reaction
appears to have produced a mixture of doubly and singly alkylated bipyridine complexes, if not
also including unreacted starting material. The aromatic peaks in the collected NMR spectrum,
Figure 15, are in the same approximate locations as in the product of the reaction with the long
chain, but the alkyl region is more difficult to resolve. A singlet near δ = 2.5 ppm due to the
unreacted methyl group is present, reinforcing the need for purification.
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Figure 15: H NMR spectrum of crude 4,4'-di(6-bromohexyl)-2,2'-bipyridine in CDCl3.

Considering the lack of marked success in reduction of unintended byproducts with the shorter
chain, the unpurified 4,4'-di(10-bromodecyl)-2,2'-bipyridine was refluxed in triethylphosphite to
replace the bromo terminus with the desired phosphonate in a Michaelis-Arbuzov rearrangement.
Aromatic signals present in the 1H NMR, Figure 16, are consistent with those observed for the
starting material and the desired intermediate, but the appearance of a strong signal near δ = 4.10
ppm is consistent with the attachment of a phosphonate, corresponding to the methylene protons
of the ethyl chains, deshielded by the ester.47 The signal at δ = 1.3 ppm may also indicate the
terminal methyl groups of the phosphonate ethyl chains, although the inconsistent integration
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suggests the methylene signals along the alkyl chain are likely interfering. This product has yet
to be isolated as a phosphonic acid as a potentially useful species for surface modification, which
would require deprotection to yield the appropriate termini.

1

Figure 16: H NMR spectrum of 4,4'-di(10-bromodecyl)-2,2'-bipyridine reacted with TEP in CDCl3.

Reaction of 4,4'-dimethyl-2,2'-bipyridine was performed with 2-bromodiethylphosphonate in the
presence of LDA in an attempt to eliminate a synthetic step. As attachment to the bipyridine
simultaneously installs a phosphonate group, the functionality may be easily converted to the
requisite phosphonic acid. The intention of the reaction was for the ethyl chain of the ester to
attach to the deprotonated methyl substituent following the loss of the terminal bromo group, as
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is represented by the proposed scheme for the dibrominated alkyl chains (Scheme 1). However,
upon review of the spectroscopic data, it was found that this reaction did not proceed as
anticipated. A new proposed mechanism, detailed by Scheme 6 below, assumes the phosphorous
atom contains sufficient partial positive charge, induced by the electronegativity difference
between it and the three oxygens present, to attract the highly reactive carbanion. The
nucleophilic attack forces off the bromoethyl chain, leaving the methyl directly attached to the
phosphorous of the phosphonate group.

Scheme 6: Proposed mechanism for the reaction observed between 4,4'-dimethyl-2,2'-bipyridine and diethyl-2bromoethyl phosphonate in the presence of LDA.

While this reaction would still yield a suitable product for subsequent surface modification, the
preferential removal of an alkyl chain from the phosphonate group following the collapse of the
oxyanion is unlikely. What is more likely, and is supported by both the 1H (Figure 17) and 13C
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(Figure 19) NMR spectra, is the failure of this reaction to produce a bipyridine end product
containing the desired phosphonate.

1

Figure 17: H NMR spectrum of crude product from LDA reaction with diethyl-2-bromoethyl phosphonate in CDCl3.

While proton shifts at δ = 8.5289, 8.2271, 7.1453 ppm represent the aromatic protons of the
bipyridine, signals at δ = 1.2464 and 4.1091 ppm correspond well with those of the
bromophosphonate starting material ethyl chain methyl and methylene protons, respectively.48
Incomplete removal of the bromo terminus is supported by the presence of signals at δ = 3.4879
and 2.3777 ppm, representing the alpha and beta methylene protons. A spectrum of the starting
material is provided for comparison in Figure 18.
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Figure 18: H NMR spectrum of diethyl-2-bromoethyl phosphonate starting material in CDCl3.

The proton spectrum indicates an incomplete reaction with the methyl substituents and removal
of the terminal bromo group. The 13C peaks also correspond to fewer types of carbons than
anticipated were the reaction successful, as δ = 149.699, 125.426 and 122.805 ppm represent the
atoms participating in the bipyridine rings.48 The signal at δ = 21.962 ppm is indicative of the
unreacted methyl substituents. While this sample was predominantly composed of crystalline
solid from bottom of the reaction vessel, the high number of scans (over 12,000) should have
indicated the presence of any additional products.
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Figure 19: C NMR spectrum of solid product from LDA reaction with diethyl-2-bromoethyl phosphonate in CDCl3.

Radical Bromination
Considering the difficulty obtaining consistently useful products from the harsh
haloalkylation reactions with LDA despite attempts to optimize the substrate, a more direct
radical bromination was employed. The 8 hour reflux was performed in carbon tetrachloride with
added radical initiator and NBS, only the former of which fully dissolved in solution. Following
the completion of the reflux, the orange solution was filtered to remove solid succinimide and
concentrated under reduced pressure to near dryness. NMR characterization of this crude product
was completed and is displayed below in Figure 20. The abundance of signals and the
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implausible 105% yield indicates obvious contamination, likely from the decomposed radical
initiator or other trapped reagent or solvent species. Additional purification methods were
necessary for this reason, as preliminary purification included exclusively gravity filtration to
remove de-brominated succinimide and concentration via rotary evaporation.

1

Figure 20: H NMR spectrum of crude solid 4,4'-dibromomethyl-2,2'-bipyridine in CDCl3.

Purification was attempted via column chromatography, with acetone and dichloromethane over
silica, from which a total of 35 fractions were collected. The first flow-through fraction was
shown by NMR (Figure 21) to contain an aromatic product devoid of a substantial methyl singlet
at δ = 2.5 ppm, indicative of a complete reaction, as well as the appearance of a signal at δ =
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4.49857 ppm, confirming the presence of the terminal bromine.48 The remaining significant
presence of residual protons from water (δ ≈ 1.25 ppm) is likely due to contaminated deuterated
chloroform.

1

Figure 21: H NMR spectrum of flow-through fraction collected from microscale column, containing purified 4,4'dibromomethyl-2,2'-bipyridine in CDCl3.

Michaelis-Arbuzov Rearrangement
Unpurified 4,4'-dibromomethyl-2,2'-bipyridine from the radical bromination reaction was
refluxed in triethylphosphite to attach phosphonate tail groups. The reflux reaction, which
yielded an insoluble black solid, was potentially overheated or needed additional solvent to
proceed as intended. An NMR sample was prepared by rinsing the reaction vessel with
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deuterated solvents (CDCl3 and DMSO), which may have separated due to the solvation of
different species present in the flask. A spectrum was collected of the more dense, homogeneous
portion of the solution (Figure 22). This sample contains both solvents, indicated at δ ≈ 7.4 ppm
for chloroform and δ ≈ 2.5 ppm for dimethylsulfoxide,55 as well as signals corresponding to an
excess of triethylphosphite alkyl protons near δ ≈ 1.30 ppm. Aromatic signals are also present at
appropriate values of δ = 8.619, 8.359, and 7.730 ppm, but are unresolved, broad peaks.

1

Figure 22: H NMR spectrum of 4,4'-bis(diethylmethylphosphonate)-2,2'-bipyridine in CDCl3.

Considering the concerns of photostability for the brominated bipyridine intermediate,54
the same reflux reaction with dimethyl bipyridine, AIBN, and NBS was performed in the
absence of light. 1H characterization of the resulting product is consistent with the spectrum
shown in Figure 20, containing the appropriate aromatic signals and a deshielded methylene
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signal at δ = 4.497 ppm. The same purification issues plague the sample from the dark reaction,
which also contains signals attributable to unreacted methyl protons at δ = 2.489 ppm, ethanol at
δ = 3.777 and 1.234 ppm, and isobutyronitrile from the decomposed radical initiator at δ = 2.750
ppm.55

1

Figure 23: H NMR spectrum of 4,4'-dibromomethyl-2,2'-bipyridine in CHCl3, synthesized in the absence of light.

Following duplication of the synthesis of the phosphonate ester in the dark, including the radical
bromination, filtration and concentration workup steps, and phosphonate installation, a
monophasic viscous brown liquid was obtained. A sample was prepared by dilution in acetone
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for analysis via GCMS. The chromatogram (Figure 24) contains multiple peaks at varied
retention times, implying poor purity of the product.

Figure 24: Chromatogram of crude phosphonate ester.

Figure 25: Mass spectrum collected at 3.00 min from injection of crude phosphonate bipyridine derivative.

Mass-to-charge ratios of 340.35 and 346.65 amu were observed, potentially corresponding to the
fully protonated and deprotonated hydrolyzed ester forms of the intended compound. Peaks were
also obtained for completely unreacted dimethyl bipyridine starting material (r.t. = 17.485 min,
m/z = 182 amu), indicating an incomplete initial radical bromination reaction. No diagnostic
isotopic splitting patterns were able to be discerned in any analyzed peak, suggesting no bromofunctionality remained.
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Isolation of a Phosphonic Acid
After duplicating the radical bromination, Michaelis-Arbuzov rearrangement, and
deprotection to isolate the solid bipyridine-based phosphonic acid, the 4,4'di(methylenephosphonic acid)-2,2'-bipyridine product was observed not to be stable in air. When
left exposed to air, especially when accelerated by attempted vacuum filtration, the deliquescent
solid developed an oily yellow surface layer. Considering the high solubility of phosphonic acids
in aqueous solutions, it is possible that the synthesized bipyridine-based acid has a high affinity
for water vapor in the air, allowing it to enter solution. To eliminate this possibility, after
formation of the acid, the product and all pertinent solutions were kept under an inert
atmosphere. An NMR spectrum of the isolated solid is provided below, containing disubstituted
aromatic proton resonances at δ = 8.739, 8.505, and 7.818 ppm, as well as the methylene protons
alpha to both the phosphonic acid and the heteroaromatic ring at δ = 2.693 ppm. Residual solvent
peaks appear for ethanol (δ = 4.188 and 1.326 ppm), methanol (3.340 ppm), and acetonitrile
(2.062 ppm).55
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Figure 26: H NMR spectrum of 4,4'-di(methylenephosphonic acid)-2,2'-bipyridine in CH3OD.

Surface Modification with 4,4'-di(methylenephosphonic acid)-2,2'-bipyridine
The synthesized bipyridine-based phosphonic acid was employed to modify the surface
of clean copper oxide plates in a modified T-BAG procedure, performed under an inert
atmosphere over an extended time period. Surface IR data (Figure 27) supports the attachment of
a bipyridine derivative, confirmed by comparison to a collected spectrum of the solid
dimethylbipyridine starting material, shown in Figure 28. A pronounced signal around 1600
cm-1, present in both spectra, is consistent with heteroaromatic C=C and C=N stretches.56 The
modified surface also presents IR bands in the appropriate regions to confirm the presence of a
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bound phosphonate, appearing at 1036.16 cm-1 (P=O), 1162.50 and 1558.32 cm-1 (P-O-R).56 A
possible methyl signal is indicated at 2975.71 cm-1, potentially indicating a lack of disubstitution
of the starting material substituents. Further investigation reveals at least four independent
signals, including 2864.09, 2900.60, 2929.00, and 2976.07 cm-1, which suggests both unreacted
methyl substituents as well as successful methylene linkages. While this asymmetry will not
inhibit ruthenium coordination, the reaction conditions may need to be further modified to ensure
an optimal product.

Figure 27: Surface IR of plate BD-5, modified with 4,4'-di(methylenephosphonic acid)-2,2'-bipyridine.
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Figure 28: IR spectrum of commercially available solid 4,4'-dimethyl -2,2'-bipyridine.

Surface Modification: Catalyst Coordination
Having confirmed the presence of the bound bipyridine-containing phosphonate, an
attempt was made to coordinate a catalytic ruthenium complex. Plates containing the tethered
bipyridine were subjected to an anoxic 15 hour reflux, then removed from solution and dried
under nitrogen. IR characterization (Figure 29) reveals consistent phosphonate, heteroaromatic,
and methylene signals, demonstrating no loss of the tethered phosphonate. There are no
additional signals attributable to the coordinated metal center, which characteristically displays
intense peaks near 2000 cm-1, due to coordinated carbonyl ligands on the ruthenium metal
center.53
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Figure 29: IR spectrum of plate BD-4, following reflux with [Ru(CO)3Cl2]2 in DCE.

The concentration of the ruthenium complex for the reflux may have been too low for efficient
reaction with the surface-bound bipyridine. Future reactions with bipyridine modified copper
surfaces should be conducted with a higher concentration of the ruthenium dimer.

Preliminary Electrochemical Investigation
Considering the incomplete construction of the catalytic surfaces, electrochemical
characterization was attempted with a previously synthesized copper surface containing a bound
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phosphonate with a terminal hydroxyl group. As an alternate to direct tethering of a phosphonicacid-modified bipyridine, syntheses have been explored with the intention of transforming the
terminal hydroxyl via a Steiglich esterification57 with a carboxylic-acid containing bipyridine.
The esterification could be performed on a surface, necessitating a knowledge of the
electrochemical behavior of the precursor. Preliminary cyclovoltammetric investigations of a
surface previously modified with HUDPA, plate E3, revealed minimal to no reaction in a low,
unknown concentration of TBAP supporting electrolyte. No changes to the plate surfaces were
visible. However, after the concentration of supporting electrolyte was increased, the
cyclovoltammogram revealed an oxidative event occurring during the first positive sweep at
approximately +1.4 V. The plate surface darkened, and the solution turned pale yellow. Current
crossing and scattering in the voltammograms were also observed, of which Figure 30 below is
an example. Using a previous surface reflectance spectrum of the plate as a background, a new
peak was observed in the IR region, shown in Figure 31 at 842.03 cm-1. This is possibly due to
the presence of an aldehyde, which characteristically displays a hydrogen deformation peak from
975 to 825 cm-1. The aldehyde is a result of oxidation of the terminal hydroxyl group of the
surface-bound phosphonate,56 consistent with the nature of the peak observed. Peaks
corresponding to the -OH group (3372.14 cm-1), alkyl chains (2921.48 and 2851.46 cm-1), and
surface-bound phosphonate (P=O 1087.57 cm-1, P-O-R 997.92 cm-1) remain unaffected.
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Figure 30: Cyclic voltammogram of plate E3, in a solution of TBAP in acetonitrile, scan rate: 50 mV/s, preliminary
positive sweep.
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Figure 31: Overlaid reflectance IR spectra of plate E3. The two spectra correspond to the same copper oxide plate
before (dashed) and after cyclic voltammetric investigation (solid line).

Current crossing in the voltammogram is unexpected but could be evidence of an
electrochemical-chemical-electrochemical (ECE) sequence reaction caused by the catalytic
electrochemical oxidation occurring on the surface or in solution.30 The spattering patterns
visible are reminiscent of a polarogram,58 the plot of slow scan voltammetry, potentially
indicating a need for an adjustment in the scan rates used for analysis. Reduction potentials for
alcohols, pyridyl groups, and CO2 should also be investigated so that the appropriate range of
potential differences can be applied. Tests should also be conducted with a known concentration
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of supporting electrolyte, as this has proven to be an important factor in the redox activity of the
surface/solution system; multiple studies suggest a concentration of 0.10 M TBAP.27, 36
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CONCLUSION AND FUTURE WORK

The partial syntheses of potential catalysts intended for modification of metal oxide
surfaces have been presented and investigated in an attempt to produce reusable electrodes for
the reduction of carbon dioxide. Continued synthesis of these compounds, including coordination
to ruthenium metal centers, will complete the catalytic interface for use in investigation of the
electrochemical reduction of CO2. Following completion of the catalytic surfaces, the modified
electrodes will be characterized using X-Ray Photoelectron Spectroscopy (XPS) to confirm the
presence of the intended functional groups. If necessary, more reliable purification methods for
currently employed synthetic routes will also be explored. Once synthesis of the full catalytic
system has been optimized, appropriate potentials for carbon dioxide reduction by the catalyst
will be determined via cyclic voltammetry for potentiostatic electrolysis. The performance of
these surfaces in reducing carbon dioxide will then be evaluated, and reduction products will be
characterized.
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APPENDIX
Materials
Reagent

Supplier

Purity

1,2-dichloroethane

Baker

Reagent

1,5-dibromopentane

Acros Organics

97%

1,9-dibromononane

Acros Organics

97%

11-bromoundecanol

Alfa-Aesar

97%

2,2'-bi-4,4'-picoline

Astatech

97%

Acetonitrile

Fisher Scientific

HPLC grade

Acetyl chloride

Acros Organics

99%+

Azobisisobutyrylnitrile

Aldrich

98%

Bromotrimethylsilane

Acros Organics

98%

Carbon tetrachloride

Acros Organics

Reagent

Chloroform-D, for NMR, 0.3 v/v% TMS

Acros Organics

99.8%-atom D incorporation

Copper metal sheet

Fisher Scientific

--

Diethyl 2-bromoethylphosphonate

Acros Organics

97%

Ethanol, 200 proof

Pharmco-Aaper

ACS grade

Ethyl acetate

Fisher Scientific

HPLC grade

Hexanes

Fisher Scientific

HPLC grade

Methanol

Fisher Scientific

Certified ACS

Methanol-D, ampules

Acros Organics

99.8%-atom D incorporation

Methylene chloride

Fisher Scientific

HPLC grade

N-bromosuccinimide

Acros Organics

99%

Sodium bicarbonate

Fisher Scientific

Certified ACS

Sodium sulfate, anhydrous

Fisher Scientific

Certified ACS

Tetrahydrofuran

Fisher Scientific

HPLC grade

Tetra-n-butyl ammonium hexafluorophosphate

Acros Organics

97%

Tricarbonyldichlororuthenium dimer

Aldrich

Reagent

Triethylamine

Acros Organics

99%

Triethylphosphite

MP Biomedical

97%
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